Background: Peroxisome proliferator-activated receptor ␥ coactivator 1 (PGC-1) ␣ and ␤ are transcriptional regulators of mitochondrial metabolism. Results: Loss of PGC-1 coactivators in mouse heart causes a defect in phospholipid biosynthesis resulting in mitochondrial ultrastructural abnormalities. Conclusion: PGC-1 coactivators coordinately regulate mitochondrial metabolism and structure. Significance: The mitochondrial phenotype of PGC-1-deficient mice resembles that of humans with genetic defects in mitochondrial phospholipid biosynthesis (Barth syndrome).
The integrity and function of cellular organelles depend, in part, on their membrane structure, including the phospholipid (PL) 2 component. This is particularly true for the mitochondrion, which is supported by a complex membranous structure that comprises the cristae, a labyrinth system that increases surface area allowing for the electron transport complex that supports capacity ATP production. In tissues with high mitochondrial density, such as heart, a significant proportion of cellular PL resides in the mitochondria. In addition, the mitochondrial membrane includes a class of specialized phospholipid, cardiolipin (CL) (1) . The importance of PL for mitochondrial integrity and function is underscored by the phenotype of Barth syndrome, which can be caused by a genetic defect in CL remodeling resulting in alterations in mitochondrial ultrastructure and respiratory function causing cardiac and skeletal myopathies (2) .
Little is known about how levels of mitochondrial phospholipids are regulated in accordance with oxidative capacity and organellar turnover. The mitochondrial component of highly oxidative tissues such as heart is remarkably dynamic. Mitochondrial biogenesis and fusion/fission rates vary in response to developmental cues and diverse physiological conditions (3) (4) (5) . The production and remodeling of CL and other PL species must be regulated in accordance with changes in mitochondrial number and turnover. It is also likely that mitochondrial PL synthesis and turnover rates are regulated in accordance with energy demands.
Over the past decade, the transcriptional coregulators, peroxisome proliferator-activated receptor ␥ coactivator-1 (PGC-1) ␣ and ␤, have been shown to serve as "master regulators" of mitochondrial biogenesis and function. Extensive studies in cells and in mice have revealed the importance of the PGC-1 coactivators as "boosters" of transcription factors involved in the regulation of nuclear and mitochondrial genes encoding enzymes and proteins involved in mitochondrial energy transduction and ATP synthesis (6, 7) . Loss-and gainof-function studies in mice have demonstrated the importance of PGC-1␣ and -␤ in mitochondrial biogenesis in the developing heart and other mitochondrion-rich tissues (8 -13) . More recently, the PGC-1 coactivators have been shown to regulate the expression of mitochondrial fusion and fission (14) . The PGC-1 coactivators have also been implicated in human disease. For example, the expression and activity of PGC-1␣ has been shown to be reduced in heart failure and diabetes (15, 16) .
In this study, we identified a unique mitochondrial cristae abnormality in the hearts of adult mice with combined PGC-1␣ and -␤ deficiency. Lipidomic analysis of the hearts of these mice revealed a distinct pattern of reduced levels of CL together with a subset of PL species. Gene regulatory studies demonstrated that this abnormal CL phenotype is related to a defect in the PGC-1-mediated transcriptional control of CDP-diacylglycerol synthase (Cds1), an enzyme that catalyzes a critical upstream step in the biosynthesis of CL. Taken together, these results identify a new role for the PGC-1 coactivators in the regulation of PL synthesis relevant to cardiac mitochondrial structure and function.
EXPERIMENTAL PROCEDURES
Animal Studies-All animal experiments and euthanasia protocols were conducted in strict accordance with the National Institutes of Health guidelines for humane treatment of animals. Generation of PGC-1␤ f/f mice was described previously (9) . To generate adult cardiac-specific inducible PGC-1␣-and PGC-1␤-deficient mice, PGC-1␤ f/f mice were bred with mice expressing a mutated estrogen receptor-Cre recombinase fusion protein under control of the MHC promoter to specifically delete PGC-1␤ in the heart. These mice in turn were crossed with PGC-1␣ Ϫ/Ϫ (10) to obtain mice PGC-1␣
Ϫ/Ϫ ) was induced by intraperitoneal injection of 50 mg/kg/day of tamoxifen (TAM) for 2 days, at the age of 2 months, and was compared directly with their sex-matched littermates injected with vehicle.
Electron Microscopy-Female PGC-1␣␤ Ϫ/Ϫ (n ϭ 3) and PGC-1␣ Ϫ/Ϫ (n ϭ 3) mice were euthanized 2 months after TAM injection (performed at 2 months of age). Cardiac papillary muscles were dissected and fixed first in Karnovsky's fixative (2% glutaraldehyde, 1% paraformaldehyde, and 0.08% sodium cacodylate), postfixed in 1% osmium tetroxide, dehydrated in graded ethanol, embedded in Poly Bed plastic resin, and sectioned for electron microscopy. Sections were visualized using an FEI Morgagni transmission electron microscope.
Lipidomics-Male PGC-1␣␤ Ϫ/Ϫ (n ϭ 4) and PGC-1␣
Ϫ/Ϫ (n ϭ 4), along with PGC-1␣␤ ϩ/ϩ control mice (TAM injected, n ϭ 4), were euthanized 1 month after the intraperitoneal injection of TAM or vehicle (injection performed at 2 months of age). Each individual lipid extract from bi-ventricle was reconstituted with a volume of 500 l/mg of protein of original tissue sample in 1:1 CHCl 3 /MeOH. The lipid extracts were finally flushed with nitrogen, capped, and stored at Ϫ20°C for electrospray ionization mass spectrometry as described previously (17) . A TSQ Vantage triple-quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an automated nanospray apparatus (i.e. Nanomate HD, Advion Bioscience Ltd., Ithaca, NY) and Xcalibur system software were utilized in the study (18, 19) . The nanomate was controlled by ChipSoft 7.2.0 software. Each lipid extract solution prepared above was diluted to less than 50 pmol of total lipids/l with CHCl 3 /MeOH/isopropyl alcohol (1:2:4 by volume) prior to infusion to the mass spectrometer with the nanomate. A mass resolution of 0.7 Thomson was employed for acquisition of the majority of mass spectra except that mass spectra for CL analysis were acquired with a mass resolution of 0.3 Thomson as described previously (20) . Identification and quantification of individual lipid molecular species were performed by using a multidimensional mass spectrometry-based shotgun lipidomics as described previously (19, 21) . Analysis of 4-hydroxynonenal (HNE) was performed as described previously (22) . Data from heart samples were normalized to protein content, and all data are presented as the mean Ϯ S.D. of multiple samples from different animals.
Adenoviral Infection-The adenoviral expression vectors Ad-PGC-1␣, Ad-PGC-1␤, and Ad-GFP have been described previously (9) . The primary neonatal rat cardiac myocytes (NRCMs) were infected with adenovirus 24 h after differentiation and harvested 72 h post-infection. The adenoviral shRNA vectors Ad-shPGC-1␣ and Ad-shPGC-1␤ have been described previously (23, 24) . The NRCMs were harvested 96 h following the infection of Ad-shPGC adenovirus.
RNA Analyses and qRT-PCR-Total RNA was isolated from mouse bi-ventricle using the RNAzol method (Tel-Test). Total RNA from cultured NRCMs was isolated with RNAqueous kit (Ambion) as per manufacturer's instruction. qRT-PCR was performed as described (25) . In brief, total RNA isolated was reverse-transcribed with AffinityScript qPCR cDNA synthesis kit (Agilent Technologies). PCRs were performed in triplicate in a 96-well format using an MX3005P Real Time PCR system (Stratagene). The mouse-or rat-specific primer sets (SYBR Green) used to detect specific gene expression can be found in Table 1 . The 36B4 primer set was included in a separate well (in triplicate) and used to normalize the gene expression data.
Cell Culture, Transfection, and Luciferase Reporter AssayspcDNA3.1-myc/his.PGC-1␣ (26), pcDNA3.1-ERR␣ (27) , and pCATCH-PGC-1␤ (28) vectors have been described previously. pSG5-ERR␤ and pSG5-ERR␥ were generous gifts from Jean-Marc Vanacker (Institut de Genomique Fonctionnelle de Lyon) and M. Stallcup (University of Southern California), respectively. Mouse mcds1.Luc.1.15 and mcds1.Luc.2.39 promoter reporters were constructed by subcloning the PCR product amplified by forward primer 5Ј-GGTGTACGCGTG-GAGATCAGAGG-3Ј with either 5Ј-CCAGAACGGCATCA-ACGAGC-3Ј or 5Ј-GTGTAAGCTTTGGGAGGAACT-TCC-3Ј reverse primer into the MluI/XhoI or MluI/HindIII sites in pGL3-basic reporter plasmid, respectively. Mouse mcds1.Luc.0.73 promoter reporter was constructed by first subcloning a 3-kb PCR-generated fragment into pGL3-Basic using the following primers: forward primer 5Ј-CCAGTCTG-GGTACCTTGGGAGG-3Ј and reverse primer 5Ј-CCAGAAC-
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GGCATCAACGAGC-3Ј. Subsequent digestion with KpnI to remove a 2.5-kb fragment, and ligation of the remaining 5.5-kb backbone, generated the mcds1.Luc.0.73 promoter reporter. Mouse mcds1.Luc.1.97 was constructed by digestion of mcds1.Luc.2.39k with KpnI to remove the 0.42-kb region and re-ligation of the 6.77-kb backbone. C2C12 myoblasts were cultured at 37°C and 5% CO 2 in DMEM supplemented with 10% FBS. Transient transfections in C2C12 myoblasts were performed using Attractene (Qiagen) as per the manufacturer's protocol. Briefly, 350 ng of reporter was cotransfected with 140 ng of PGC-1␣, 35 ng of ERR expression vectors, as well as 10 ng of CMV promoter-driven Renilla luciferase (Promega) to control for transfection efficiency. 48 h after cotransfection, luciferase assay was performed using Dual-Glo (Promega) as per manufacturer's recommendations. For C2C12 myotube studies, cotransfection was performed in myoblasts. 24 h following the transfection, cells were refed with 2% horse serum/DMEM to promote differentiation. Luciferase assay was performed 96 h later. All transfection data are presented as the means Ϯ S.E. for at least three separate transfection experiments done in triplicate.
Chromatin Immunoprecipitation (ChIP) Assays-ChIP assays were performed as described previously (29, 30) . Briefly, C2C12 myoblasts were differentiated for 4 days in 2% horse serum/ DMEM, followed by adenoviral infection. 48 h after infection, myotubes were fixed for 30 min with 0.5 mM ethylene glycol bis(succinimidylsuccinate) (Pierce) and then cross-linked with 1% formaldehyde (10 min). Chromatin fragmentation was performed by sonication using a Bioruptor (Diagenode). Sheared protein-DNA complexes were immunoprecipitated by using anti-ERR␣ (29), anti-PGC-1␣ (8, 29) , or rabbit IgG control (Sigma). Following reversal of cross-linking, isolated and purified DNA fragments were amplified by PCR (Stratagene MX3005P detection system) to detect the enrichment of amplicons corresponding to a 100-bp region encompassing the conserved ERR-response element and a 137-bp region encompassing the upstream ERR-response element of the mouse Cds1 promoter or a 91-bp distal region of the mouse Cds1 gene (negative control). Quantitative analysis was performed by the standard curve method and normalized to IgG control. Specific primers for target regions are listed in Table 1 .
Statistical Analysis-Data were analyzed using t tests or analysis of variance where appropriate. The level of significance was set at p Ͻ 0.05 in all cases. Data are reported as means Ϯ S.E., except for the lipidomics studies where S.D. was used.
RESULTS

Mitochondrial Ultrastructural Abnormalities in Adult PGC-1␣␤-deficient (PGC-1␣␤
Ϫ/Ϫ ) Mouse Heart-Mice with cardiacspecific targeting of the PGC-1␤ gene in a generalized PGC-1␣-deficient background were generated so that PGC-1␣␤ deficiency could be induced in adult mice. Three-month-old PGC-1␣␤ Ϫ/Ϫ mice were viable 1 month following conditional cardiac-specific deletion of PGC-1␤ (2.98% of PGC-1␤ levels remaining compared with PGC-1␣
Ϫ/Ϫ
). In addition, cardiac function was grossly normal based on echocardiographic analyses (data not shown). Electron microscopic analysis did not reveal significant changes in mitochondrial size or volume density in PGC-1␣␤ Ϫ/Ϫ hearts compared with PGC-1␣ Ϫ/Ϫ or wild-type controls (Fig. 1A and data not shown) . However, a significant subset of mitochondria in cardiac myocytes of the PGC-1␣␤ Ϫ/Ϫ mice exhibited a distinctive alteration in the structure and arrangement of the cristae. Specifically, low power field surveys identified electron dense regions in many mitochondria (Fig. 1A) . High magnification images of these regions demonstrated tightly stacked or "collapsed" cristae with diminished intercristal space. The abnormal cristae appeared to be disconnected from the inner mitochondrial membrane (Fig. 1B) .
CL Deficiency in Adult PGC-1␣␤
Ϫ/Ϫ Hearts-Mitochondrial cristae "stacking" abnormalities similar to those observed in the adult PGC-1␣␤ Ϫ/Ϫ hearts have been described previously in the heart and skeletal muscle of Barth syndrome patients (2) . Barth syndrome is a genetic disorder caused by mutations in 
TGTAGGGCTGAGGCCTTGTG ACATGACTGTCCAAATGTGAGCTG the gene encoding tafazzin, a mitochondrial transacylase. Tafazzin is responsible for the remodeling and maturation of CL, a class of phospholipids found exclusively in mitochondrial membranes (1) . Therefore, CL levels were assessed in the hearts of 3-month-old PGC-1␣␤ Ϫ/Ϫ hearts by lipidomics. Total cardiac CL levels were decreased in PGC-1␣ Ϫ/Ϫ mice (data not shown) and to a greater extent in the PGC-1␣␤-deficient line ( Fig. 2A) .
CL is a unique dimeric phospholipid containing four acyl chains; the composition of which defines multiple molecular species (31) . Lipidomic analysis of the adult PGC-1␣␤ Ϫ/Ϫ hearts demonstrated that the cardiac CL molecular profile was perturbed. Compared with wild-type mice, the levels of the most abundant CL molecular species were reduced in adult PGC-1␣␤ Ϫ/Ϫ heart, including tetra-linoleoyl cardiolipin (18:2-18:2-18:2-18:2 CL), as well as molecular species containing three linoleic acid (18:2) chains (18:2-18:2-18: 2-16:1, 18:2-18:2-18:2-20:3, and 18:2-18:2-18:2-22:6 CL) (Fig. 2C) .
The CL profile in Barth syndrome associated with tafazzin gene mutations is characterized by an increase in monolysocardiolipin (MLCL) content, in addition to the reduction of CL (32, 33) . However, MLCL levels were normal in the PGC-1␣␤-deficient heart (Fig. 2B ) strongly suggesting that the perturbations in CL level and composition reflect a biochemical abnormality that was not exclusive to tafazzin function. 
Alterations in the Phosphatidylcholine and Phosphatidylethanolamine Profiles in PGC-1␣␤
Ϫ/Ϫ Hearts-To broaden the analysis of cardiac phospholipids in the PGC-1␣␤-deficient heart, global ("shotgun") lipidomic analysis (19, 34) was conducted. The results of this analysis revealed a significant decrease in total phosphatidylcholine (PC) and phosphatidylethanolamine (PE) levels in PGC-1␣␤
Ϫ/Ϫ compared with wildtype hearts (Fig. 3A, data not shown) .
Further analysis of the PC and PE species in the PGC-1␣␤
hearts revealed a selective reduction in n-3 polyunsaturated fatty acyl (PUFA)-containing species, including those containing 22:6n-3 and 22:5n-3 acyl chains (Fig. 3B) . Analysis of the individual molecular species of PC and PE revealed an interesting pattern (Table 2) . Specifically, the overall abundance of 22:6n-3 and 22:5n-3 fatty acids (FA) was decreased (Fig. 3B , Table 2 ). In contrast to the n-3 PUFA-containing species, levels of n-6 FA-containing species, such as 20:3, 20:4, and 18:2 FA in PC and PE, were increased in the PGC-1␣␤ Ϫ/Ϫ hearts ( Table 2 ). Loss of PUFA-containing species was also observed in the CL profile ( Table 2 ).
The selective loss of n-3 PUFA-containing phospholipids could indicate increased lipid peroxidation (35) , which previously has been reported in PGC-1␣-deficient hearts in response to pressure overload (36) . To explore this possibility, levels of the lipid peroxidation product HNE were determined. No significant increase of HNE content was detected in the PGC-1␣␤ Ϫ/Ϫ hearts (Fig. 3C) .
Evidence for Altered Expression of Phospholipid Biosynthesis Pathway Genes in PGC-1␣␤
Ϫ/Ϫ Hearts-The observed abnormalities across multiple phospholipid species suggested a defect in phospholipid biosynthesis pathways in the PGC-1␣␤-deficient hearts. Therefore, the expression of genes involved in multiple phospholipid biosynthesis pathways was assessed in the PGC-1␣␤ Ϫ/Ϫ heart (Fig. 4A) . Interestingly, expression of the gene encoding CDS-1, which catalyzes the synthesis of CDP-DAG from phosphatidic acid (Fig. 4A) , was reduced in PGC-1␣
Ϫ/Ϫ and PGC-1␤ Ϫ/Ϫ hearts and to a greater extent in the PGC-1␣␤ Ϫ/Ϫ heart (Fig. 4B) . No significant change of tafazzin expression was found in the PGC-1␣␤ Ϫ/Ϫ heart, although a downward trend was noted. In contrast, there was an increase in the expression of a number of other genes in the phospholipid biosynthesis pathway, including the enzymes in the CL biosynthesis pathway, such as CDP-diacylglycerol synthase 2 (Cds2), phosphatidylglycerophosphate synthase 1 (Pgs1), protein-tyrosine phosphatase, mitochondrial 1 (Ptpmt1), and cardiolipin synthase (Crls1), as well as lipin 1 (Lpin1), phosphatidic acid phosphatase type 2C (Ppap2c), and choline phosphotransferase 1 (Chpt1) in the Kennedy pathway (Fig. 4B) .
To further assess the role of PGC-1 coactivators on the regulation of genes involved in phospholipid biosynthesis, we analyzed a transcriptomic dataset generated previously in cultured NRCMs in which PGC-1␣ or PGC-1␤ was overexpressed (Ref. 9 and data not shown). Interestingly, expression of Cds1 was dramatically induced by either PGC-1␣ or PGC-1␤ overexpression (Fig. 4C) . In contrast, tafazzin expression was not significantly induced by the PGC-1 coactivators (Fig. 4C) . Consistent with the induction of Cds1 by PGC-1 overexpression, shRNAmediated knockdown of PGC-1 in NRCMs resulted in a significant decrease in Cds1 expression (Fig. 4D) . Taken together, these results suggest that the PGC-1 coactivators regulate the transcription of Cds1, which encodes an enzyme that catalyzes 
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the synthesis of CDP-diacylglycerol (CDP-DAG), a key intermediate supplying the pathway leading to the synthesis of CL and other PL species (Fig. 4A) .
PGC-1␣ Activates Transcription of the Cds1
Gene-We next sought to determine whether PGC-1␣ activated transcription of the Cds1 gene. For these studies, a mouse Cds1 promoter reporter construct containing a promoter fragment and a portion of intron 1 (mcds1.Luc.2.39) was transfected into C2C12 myocytes in the presence or absence of an expression vector for PGC-1␣. PGC-1␣ markedly induced the activity of mcds1.Luc.2.39 (Fig. 5A) . The corresponding Cds1 promoter region was analyzed for consensus DNA-binding sites of transcription factors that could be mediating the effects of PGC-1␣. Notably, two conserved putative ERR-binding site sequences were identified (Fig. 5B) . ERR is a well characterized PGC-1 coactivator target (27) . One of the putative ERR sites located 
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JANUARY 24, 2014 • VOLUME 289 • NUMBER 4 downstream of the transcription start site in the first intron of the Cds1 gene was an excellent match for an ERR-binding site (Fig. 5B) (37) . Removal of the upstream ERR-response element in the Ϫ738 site (mcds1.Luc.1.97) had little effect on the PGC-1 responsiveness of the Cds1 promoter (Fig. 5C ). In contrast, PGC-1␣-mediated activation of a Cds1 promoter reporter construct lacking the downstream ERRE site (mcds1.Luc.1.15) was significantly impaired. Deletion of both putative ERR-binding sites (mcds1.Luc.0.73) abolished the activating effects of PGC-1␣ (Fig. 5C ).
To investigate the interaction of PGC-1␣ and ERR on the Cds1 gene promoter, cotransfection studies were conducted with mcds1.Luc.2.39 in C2C12 myoblasts, which express low levels of both factors (data not shown). Compared with the level of activation observed upon transfection of expression vectors for either PGC-1␣ or ERR␣ alone, cotransfection of both resulted in synergistic coactivation (up to 80-fold, Fig. 5D ). Similar results were obtained with ERR␤ or ERR␥ (Fig. 5D) . Similarly, the Cds1 promoter activity was synergistically activated by cotransfection of PGC-1␤ and ERRs (Fig. 5D) . We next sought to determine the occupation of PGC-1␣ and ERR␣ on the Cds1 promoter region using ChIP in C2C12 myocytes infected with an adenoviral PGC-1␣ expression vector. A region containing the downstream ERRE site, spanning ϩ1247 to ϩ1347 bp downstream of the transcription start site, was specifically enriched by the PGC-1␣ or ERR␣ antibodies (Fig.  5E ). In contrast, an intergenic negative control region was not enriched by either antibody (Fig. 5E ). In addition, the region spanning Ϫ738 to Ϫ730 bp, containing the upstream ERRE site, was not enriched by either PGC-1␣ or ERR␣ antibody (data not shown).
DISCUSSION
Herein, we describe a new role for the PGC-1 coactivators in the regulation of cardiac PL biosynthesis. Adult mice with combined PGC-1␣ and -1␤ deficiency in heart exhibited mitochondrial cristae stacking abnormalities reminiscent of human Barth syndrome. This mitochondrial phenotype was shown to be associated with reduced levels of sub-species of CL, PC, and PE. Gene regulatory studies demonstrated that the expression of the gene encoding the CL biosynthesis enzyme CDP-diacylglycerol synthase 1, which catalyzes a proximal step in CL synthesis, was downregulated. Finally, the Cds1 gene was shown to be a direct target for PGC-1␣ through its coactivating function on the transcription factor ERR␣.
The PGC-1 coactivators are key regulators of mitochondrial function and biogenesis (6, 7) . Studies over the past decade have shown that this family of inducible transcriptional coregulators serve to coordinately regulate the expression of nuclear and mitochondrial genes encoding enzymes and proteins involved in virtually all aspects of mitochondrial energy transduction and ATP synthesis in mitochondrion-rich tissues such as heart, brown adipose tissue, and skeletal muscle (38, 39) . In addition, the PGC-1 coactivators are necessary for perinatal mitochondrial biogenesis in heart (9) . In this study, we found that the PGC-1 coactivators also serve a key function in cardiac myocyte CL biosynthesis. This role is consistent with the role of the PGC-1 coactivators as master regulators of mitochondrial energy metabolism, given that mitochondrial structural integrity and function are dependent on its CL composition.
We found that the PGC-1 coactivators are necessary for normal expression of Cds1 in the adult heart. CDS-1 catalyzes a proximal step in the PL biosynthetic pathway (Fig. 4A) . Cellbased cotransfection studies demonstrated that PGC-1␣ activates Cds1 gene transcription via a site in the first intron by coregulating the nuclear receptor ERR␣. ERR␣ is a well known target of PGC-1 coregulation (25, 37) . Chromatin immunoprecipitation studies confirmed that PGC-1␣ and ERR␣ co-occupy the ERR-binding site in the first intron of the Cds1 gene, providing further evidence that this mechanism involves direct transcriptional activation. Somewhat surprisingly, we did not find evidence that PGC-1 regulates other steps in the CL biosynthesis pathway. Indeed, the level of expression of the genes encoding other enzymes in this pathway was normal or up-regulated, suggesting a possible compensatory response. In yeast, CDS-1 has been localized exclusively to the endoplasmic reticulum (40) . However, the precise location of CDS-1 in mammalian cells has not been fully determined. Our data strongly suggest that decreased Cds1 gene expression contributes to reduced CL levels. These results suggest that in mammalian cells, CDS-1 may play an important function in mitochondrial PL biosynthesis. Moreover, recognition of Cds1 as a direct PGC-1 target also strongly suggests it plays a role in mitochondrial metabolism and membrane structure. It is important to note, however, that our results do not exclude potential contribution by mitochondrial CDP-diacylglycerol synthase (Cds2) and mitochondrial translocator assembly and maintenance protein, homolog (Saccharomyces cerevisiae) (Tamm41) to CL biosynthesis.
Shotgun lipidomics of the PGC-1␣␤ Ϫ/Ϫ heart revealed an interesting pattern of altered PL levels beyond effects on CL. First, we observed a decrease of total PC and PE in the PGC-1␣␤ Ϫ/Ϫ heart. This could be explained, in part, by the observed decrease in phosphate cytidylyltransferase 2, ethanolamine (Pcyt2) expression, a rate-limiting step in the Kennedy pathway. Second, we observed that n-3 polyunsaturated species (22:6n-3 and 22:5n-3) were reduced in the PGC-1␣␤ Ϫ/Ϫ heart. This pattern suggested the reduction of the stability of some species, perhaps by peroxidation secondary to reactive oxygen species that is known to damage polyunsaturated fatty acids (35) . However, analysis of lipid peroxidation as measured by the formation of HNE did not demonstrate evidence of increased peroxidation damage. Interestingly, the reduction of n-3 PUFA species in PC and PE, as well as CL, was paralleled with a concomitant increase of n-6 PUFA species (20:3n-6 and 20:4n-6), among other saturated and monounsaturated FA. The association of decreased n-3 PUFA and increased n-6/n-3 ratio with impaired mitochondrial function has been reported previously (41) . It has been suggested that the mitochondrion is a site for de novo biosynthesis of n-3 PUFA through a carnitine-dependent enzymatic pathway that has not been fully delineated (42, 43) . Consistent with this notion, genetic defects in mitochondrial FA ␤-oxidation are associated with lower levels of 22:6n-3 (44, 45) . Thus, down-regulation of PGC-1 target genes in the mitochondrial FA ␤-oxidation pathway (9) may contribute to the observed decrease in n-3 PUFA-containing PE and PC species in the PGC-1␣␤ Ϫ/Ϫ heart. This may also explain the decrease in total PC and PE levels, given that the 22-6n-3-containing species constitute a major component of PC and PE. Finally, the high levels of 22:6n-3 containing PL in the mitochondria suggest that this species is critical in maintaining high level respiration rates in tissues such as the heart. Taken together, these results suggest that the PGC-1 coactivators likely regulate PL biosynthesis via effects on several nodal points, including CDS-1 and additional mitochondrial FA metabolic pathways.
Evidence is emerging that altered PGC-1 signaling may be involved in several human diseases, including diabetes, neurodegeneration, skeletal muscle disorders, and heart failure. The importance of maintaining normal mitochondrial PL lipid levels in cardiac mitochondria is exemplified by the cardiomyopathy phenotype of human Barth syndrome. It is tempting to speculate that altered mitochondrial PL synthesis is relevant to the mitochondrial dysfunction known to occur in other inborn and common acquired diseases in which activity of PGC-1 coactivators is known to be reduced (46) .
